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(57) ABSTRACT

The disclosure is directed to various apodization schemes for
pupil imaging scatterometry. In some embodiments, the sys-
tem includes an apodizer disposed within a pupil plane of the
illumination path. In some embodiments, the system further
includes an illumination scanner configured to scan a surface
of'the sample with at least a portion of apodized illumination.
In some embodiments, the system includes an apodized pupil
configured to provide a quadrupole illumination function. In
some embodiments, the system further includes an apodized
collection field stop. The various embodiments described
herein may be combined to achieve certain advantages.
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1
APODIZATION FOR PUPIL IMAGING
SCATTEROMETRY

PRIORITY

The present application claims priority to U.S. Provisional
Application Ser. No. 61/730,383, entitled APODIZATION
FOR PUPIL IMAGING SCATTEROMETRY METROL-
OGY, By Andy Hill et al., filed Nov. 27, 2012, or is an
application of which currently co-pending application(s) are
entitled to the benefit of the filing date. The foregoing provi-
sional application is hereby incorporated by reference in its
entirety.

TECHNICAL FIELD

The present disclosure generally relates to the field of
optical metrology and more particularly to apodization for an
optical metrology system.

BACKGROUND

Optical metrology is often utilized to measure optical and/
or structural characteristics of either device or test features
during semiconductor manufacture. For example, optical or
structural characteristics may include critical dimensions
such as height, side wall angle, pitch, linewidth, film thick-
ness, refractive indices, and overlay between different layers
or between exposures within a single layer. Apodization may
be implemented in optical metrology systems to control
angular and spatial distribution of illumination at well-de-
fined locations along the optical path. Apodization is particu-
larly important when metrology accuracy and precision
depends on the ability to retrieve high fidelity spectroscopic
or angular information from small metrology targets. In such
cases, there is a need to prevent signal contamination result-
ing from either unwanted scattering from areas outside a
designated metrology target on a sample or scattering from
intermediate optical components or apertures along the opti-
cal path.

In the case of an angle resolved (pupil imaging) scatterom-
eter, a known practice in the art is the combination of: (1) a
simple flat top aperture (pupil) stop in the illumination path
which restricts the illumination numerical aperture (NA) so
that different diffraction orders from the metrology target can
be isolated in the collection pupil; and (2) a simple flat top
field stop in the illumination path to localize illumination on
a small target. With the foregoing architecture, the illumina-
tion field stop becomes the limiting aperture of the pupil
imaging system. The hard edges of the illumination field stop
cause ringing in the images of the illumination aperture stop,
and the ringing results in interaction or interference between
orders (e.g. Oth order and 1st order) in the pupil image. One
method of resolving this problem is field apodization in the
illumination path of the optical metrology system. With field
apodization, the introduction of a smoothly varying transmis-
sion function in the field results in a smoothly varying and
rapidly decaying function in the conjugate pupil plane, effec-
tively suppressing the ringing which results in interference
between orders.

The foregoing approach may be appropriate for a spatially
incoherent system with illumination etendue to spare. How-
ever, for optical metrology systems employing coherent illu-
mination sources, such as a laser-based system with high
spatial and temporal coherence, substantial noise issues
emerge. Shaping the spatially coherent illumination beam so
that it has low tails in the field plane is desirable in order to
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2

minimize periphery contamination and diffraction by the
edge of the target. Low tails in the pupil plane are desirable to
minimize interaction and interference between diffraction
orders and clipping by the objective pupil. The beam can
potentially be shaped by some combination amplitude and
phase apodization in the illumination field stop or the illumi-
nation aperture stop. To average out the effects of target noise,
it is desirable to scan the spatially coherent illumination spot
over the target during a measurement. If beam shaping is
performed at the illumination field plane, and the spot scan-
ning mechanism is situated before this field plane, then the
beam shape in the field and pupil planes will change as the
spot scans across the field apodizer. This introduces fluctua-
tions in the overall beam intensity as well as asymmetries in
the distribution of light in the pupil.

SUMMARY

The present disclosure is directed to curing some or all of
the foregoing deficiencies in the art utilizing one or more of
the apodization schemes described below.

Various embodiments of the disclosure are directed to a
system for performing optical metrology including at least
one illumination source configured to illuminate the sample
and at least one detector configured to receive at least a
portion of illumination scattered, reflected, or radiated from
the sample. At least one computing system communicatively
coupled to the one or more detectors may be configured to
determine at least one spatial attribute of the sample, such as
anoptical or structural characteristic, based upon the detected
portion of illumination.

The system may include an apodizer or an apodized pupil
disposed within a pupil plane of the illumination path. The
apodizer may be configured to apodize illumination directed
along the illumination path. In some embodiments, the sys-
tem may further include an illumination scanner disposed
along the illumination path and configured to scan a surface of
the sample with at least a portion of the apodized illumina-
tion. The system may further include an illumination field
stop configured to block a portion of illumination directed
along the illumination path from scanning the surface of the
sample and a collection field stop configured to block a por-
tion of illumination directed along the collection path from
being received by the detector.

In some embodiments, the system may include an apodized
pupil disposed along the illumination path. The apodized
pupil may include at least four elongated apertures configured
to provide a quadrupole illumination function. The apodized
pupil may be further configured to apodize illumination
directed along the illumination path. Further, an illumination
field stop disposed along the illumination path may be con-
figured to block a portion of illumination directed along the
illumination path from impinging upon or scanning the sur-
face of the sample.

In some embodiments, the system may include an apodizer
disposed within a pupil plane of the illumination path and
may further include an apodized collection field stop dis-
posed along the collection path. The apodized collection field
stop may be configured to apodize illumination directed
along the collection path and further configured to block a
portion of illumination directed along the collection path
from being received by the detector.

Those skilled in the art will appreciate that the foregoing
embodiments and further embodiments described below may
be combined to achieve various advantages. Accordingly, the
configurations described herein should not be construed as
limitations of the disclosure unless otherwise noted. Further,
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it is to be understood that both the foregoing general descrip-
tion and the following detailed description are exemplary and
explanatory only and are not necessarily restrictive of the
present disclosure. The accompanying drawings, which are
incorporated in and constitute a part of the specification,
illustrate subject matter of the disclosure. Together, the
descriptions and the drawings serve to explain the principles
of the disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

The numerous advantages of the disclosure may be better
understood by those skilled in the art by reference to the
accompanying figures in which:

FIG. 1A is a block diagram illustrating an optical metrol-
ogy system including an apodizer disposed within a pupil
plane of the system, in accordance with an embodiment of
this disclosure;

FIG. 1B is a block diagram illustrating an optical metrol-
ogy system including an apodizer disposed within a pupil
plane of the system, in accordance with an embodiment of
this disclosure;

FIG. 2 is a block diagram illustrating the optical metrology
system further including an illumination scanner disposed
within the pupil plane of the system, in accordance with an
embodiment of this disclosure;

FIG. 3 is a block diagram illustrating the optical metrology
system, wherein the illumination scanner is disposed after an
illumination field stop, in accordance with an embodiment of
this disclosure;

FIG. 4 is a block diagram illustrating the optical metrology
system including an apodized illumination field stop, in
accordance with an embodiment of this disclosure;

FIG. 5 is a block diagram illustrating the optical metrology
system, wherein the apodizer is disposed after the illumina-
tion field stop and the illumination scanner, in accordance
with an embodiment of this disclosure;

FIG. 6 is a block diagram illustrating the optical metrology
system, wherein the apodizer and the illumination field stop
are disposed after the illumination scanner, in accordance
with an embodiment of this disclosure;

FIG. 7 is a block diagram illustrating the optical metrology
system further including an apodized collection field stop, in
accordance with an embodiment of this disclosure;

FIG. 8 is a block diagram illustrating the optical metrology
system, wherein the illumination scanner is configured to
scan illumination along a sample surface and further config-
ured to descan illumination collected from the sample sur-
face, in accordance with an embodiment of this disclosure;

FIG. 9A is a graphical plot of exemplary apodizer scalar
pupil plane profiles, in accordance with an embodiment of
this disclosure;

FIG. 9B is a graphical plot of wafer plane scalar intensity
(logarithmic scale) for the exemplary apodizer scalar pupil
plane profiles, in accordance with an embodiment of this
disclosure;

FIG. 9C is a graphical plot of resultant scalar profiles at
pupil image sensor (i.e. detector) plane for the exemplary
apodizer scalar pupil plane profiles, in accordance with an
embodiment of this disclosure;

FIG. 9D is a block diagram illustrating an optical metrol-
ogy system equipped with a spectral controller, in accordance
with an embodiment of this disclosure;

FIG. 10A illustrates a pupil configured for a quadrupole
illumination function, in accordance with an embodiment of
this disclosure; and
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FIG. 10B illustrates a plurality of pupil configurations, in
accordance with an embodiment of this disclosure.

DETAILED DESCRIPTION

Reference will now be made in detail to the subject matter
disclosed, which is illustrated in the accompanying drawings.

FIGS. 1A through 10B generally illustrate apodization
schemes for an optical metrology system 100, such as an
angle resolved (pupil imaging) scatterometer or the like.
According to various embodiments, apodization at the pupil
and/or detector plane enables high performance metrology on
targets with relatively small dimensions. Further, the embodi-
ments that follow include configurations associated with cer-
tain advantages in measurement quality, performance, and/or
precision. It is noted that the embodiments described below
serve an illustrative purpose and that various portions of
multiple embodiments may be combined to arrive at further
embodiments having selected advantages.

In general, the following embodiments are directed to one
or more of the following advantages. The embodiments of
system 100 may include configurations for shaping illumina-
tion directed along an illumination path to avoid illuminating
outside of a target region of a metrology sample 102, such as
a semiconductor wafer or mask. Further, the embodiments of
system 100 may include configurations for mitigating or
excluding illumination diffracted or scattered from optical
surfaces and/or aperture edges along the illumination path to
avoid contaminating pupil regions. The embodiments of sys-
tem 100 may further include configurations for shaping or
excluding stray illumination reflected, scattered, or radiated
along a collection path to avoid detection of illumination from
regions outside of the target region of the sample 102. For
instance, some configurations may be directed to blocking or
excluding portions of illumination diffracted from an objec-
tive lens or a collection field stop. Further goals or advantages
are discussed below with respect to the following embodi-
ments of system 100.

As shown in FIG. 1A, the system 100 may include at least
one spatially coherent (e.g. laser) or incoherent (e.g. laser
sustained plasma “L.SP” or laser driven light source “LDLS”)
illumination source 104. Several of the embodiments herein
are directed to an optical metrology systems based on spa-
tially coherent illumination sources; however, many of the
advantages provided by the discussed configurations are
applicable to systems based on spatially incoherent illumina-
tion sources as well. In some embodiments, the illumination
source 104 may be configured to provide illumination along
an optical fiber 106 leading to a free space illumination path.

Insome embodiments, the system 100 includes an apodizer
108, such as standalone apodization element or an apodized
pupil, disposed within the pupil plane 109 of the illumination
path. The system 100 may further include an illumination
field stop 112 disposed along the illumination path. The illu-
mination field stop 112 may be configured to block a portion
of the illumination directed along the illumination path to
localize illumination at a targeted region of the sample 102
and filter parasitic (scattered or diffracted) illumination from
upstream components.

In some embodiments, the system 100 further includes an
illumination scanner 110, such as a scanning mirror, disposed
between the apodizer 108 and the illumination field stop 112.
For example, the illumination optics may be arranged such
that illumination from the illumination source 104 is directed
through the apodizer 108 and then scanned across the illumi-
nation field stop 112 by the illumination scanner 110. Alter-
natively, as shown in FIG. 5, the illumination optics may be
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arranged such that illumination from the illumination source
104 is directed through the illumination field stop 112 and
then scanned across the apodizer 108 by the illumination
scanner 110. The illumination scanner 110 may include or
may be coupled to one or more actuators enabling the illumi-
nation scanner 110 to spot scan a targeted region of sample
102 with apodized illumination that is further shaped accord-
ing to the illumination field stop 112. The illumination optics
may be further arranged such the illumination scanner 110 is
disposed within the pupil plane. For example, as shown in
FIG. 2, the illumination scanner 110 may be conjugate to the
pupil plane. Placing the illumination scanner 110 at the pupil
plane may improve stability of an apodization function pro-
vided by the apodizer 108 during the spot scan of at least a
portion of the apodized illumination at the targeted region of
the sample 102.

In some embodiments, as illustrated in FIG. 3, the apodizer
108 and the illumination field stop 112 are disposed before the
illumination scanner 110. As such, illumination received by
the illumination scanner 110 is apodized and further shaped
according to the illumination field stop 112. This arrangement
allows the illumination field stop 112 to include a smaller
aperture because illumination does not need to be scanned
across the field stop 112. The illumination field stop 112 can,
therefore, filter off more of the spatial noise caused by the
apodizer 108 and the optical fiber 106. Further, there is less
chance of introducing intensity noise caused by a time depen-
dency in diffraction of spot off edges of the illumination field
stop 112. When the illumination scanner 110 is disposed after
the apodizer 108 and the illumination field stop 112, strong
diffractions due to scan of field stop edges may be avoided.

It is further noted that system 100 may be configured with-
out an illumination scanner 110, as shown in FIG. 1B.

FIG. 4 illustrates a further embodiment where the illumi-
nation field stop 112 may also be apodized to introduce field
apodization in addition to pupil apodization provided by the
pupil apodizer 108. The apodized illumination field stop 112
may allow for improved ability to shape illumination directed
along the illumination path. Intensity modulation and
changes to pupil distribution may occur during the spot scan;
however, diffraction effects due to the spot reaching edges of
the illumination field stop 112 may be significantly mitigated
by the apodization. Mitigation of the diffraction effects is
important because, if not controlled, mixing of pupil points
may occur. Since the image at the illumination field stop 112
is ultimately imaged to the sample 102, field apodization may
further reduce spot intensity at the edges of the targeted
region of the sample 102 and at edges of a collection field stop
120, thereby suppressing mixture of pupil points at the col-
lection pupil.

As discussed above, FIG. 5 illustrates an embodiment
where the illumination optics may be arranged such that
illumination from the illumination source 104 is directed
through the illumination field stop 112 and then scanned
across the apodizer 108 by the illumination scanner 110. This
arrangement may allow for a relatively small illumination
field stop 112 disposed before the illumination scanner 110 to
mitigate incoming noise from the illumination source 104
and/or optical fiber 106. Further, locating the apodizer 108
after the illumination scanner 110 may allow for enhanced
ability to shape illumination scanned across the sample 102.

Alternatively, as shown in FIG. 6, the apodizer 108 and the
illumination field stop 112 may be disposed after the illumi-
nation scanner 110. Disposing the apodizer 108 after the
illumination scanner 110 may allow for a stationary apodiza-
tion function in the illumination pupil because the illumina-
tion scanner 110 only affects the angle of illumination passing
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through the apodizer 108. Further, the illumination field stop
112 disposed after the apodizer 108 may be enabled to filter
out parasitic illumination from upstream components includ-
ing the apodizer 108, illumination scanner 110, optical fiber
106, and any additional illumination optics (e.g. various
lenses).

The system 100 may further include a beam splitter 114
configured to direct illumination from the illumination path
through an objective lens 116 to illuminate the sample 102.
The system 100 may include a stage 118 configured to sup-
port the sample 102. In some embodiments, the stage 118 may
further include or may be coupled to at least one actuator. The
actuator may be configured to translate or rotate the stage 118
to dispose the sample 102 at a selected position. Accordingly,
illumination may be targeted or scanned at a selected region
of the sample 102 via actuation of the sample stage 118.
Alternatively or in addition, one or more of the illumination
optics, such as the objective 116 may be actuated to target a
selected region of the sample 102 and/or adjust focus of
illumination targeted at the sample 102.

Illumination may be scattered, reflected, or radiated by the
targeted region of the sample 102. The system 100 may
include at least one detector 122, such as a camera, a spec-
trometer, a photodiode, or any other photodetector which is
configured to receive at least a portion of the scattered,
reflected, or radiated illumination from the sample 102. In
some embodiments, a collection field stop 120 is configured
to block at least a portion of illumination directed from the
sample 102 along a collection path leading to the detector 122
to filter out parasitic illumination, such as illumination dif-
fracted or scattered by the beam splitter 114, objective lens
116 and/or any other collection optics.

In some embodiments, the collection field stop 120 may
further be apodized, as shown in FIG. 7. It is noted that the
inclusion of the apodized collection field stop 120, among
other features, may be supported by any of the embodiments
described herein. The apodized collection field stop 120 may
advantageously reduce sensitivity to decentering errors of
beam position with respect to the center of the targeted region
of the sample 102 resulting from diffraction or scattering
from edges of the collection field stop 120. In particular, a
collection field stop 120 with small numerical aperture (NA)
may be more susceptible to decentering errors and may, there-
fore, benefit greatly from apodization. For further explana-
tion, sensitivity to decentering may result from interference
between wanted diffraction from a given order (e.g. 1° order
diffraction) and unwanted diffraction from another order (e.g.
0™ order diffraction) scattered from the collection field stop
120. Interference between diffraction orders can be sup-
pressed by collection field stop apodization by shaping illu-
mination to compensate for the diffraction or scattering
effects. Further, apodization of the collection field stop 120
may reduce diffraction or scattering effects from edges of
pupil apertures in pupil planes located after the collection
field stop 120. Suppressing parasitic (diftracted or scattered)
illumination from reaching the detector 122 may allow for
improved metrology performance by reducing inaccuracy
caused by decentering errors and allowing for greater preci-
sion.

The system 100 may include atleast one computing system
124 communicatively coupled to the one or more detectors
122. The computing system 124 may be configured to deter-
mine at least one spatial attribute of the sample 102 based
upon the detected portion of illumination scattered, reflected,
or radiated from the targeted region of the sample 102. For
example, the computing system 124 may be configured to
determine an optical or structural characteristic of the sample
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102 or defect information associated with the sample 102
according to one or more of the metrology and/or inspection
algorithms known to the art. The computing system 124 may
be configured to execute at least one metrology or inspection
algorithm embedded in program instructions 128 stored by at
least one communicatively coupled carrier medium 126. In
some embodiments, the computing system 124 includes at
least one single-core or multiple-core processor configured to
execute the program instructions 128 from the communica-
tively coupled carrier medium 126. Further, it should be rec-
ognized that any of the various steps or functions described
throughout the present disclosure may be carried out by a
single computing system or by multiple computing systems.

FIG. 8 illustrates another embodiment of the system 100
where the illumination scanner 110 is disposed along a por-
tion of the illumination path and a portion of the collection
path. Accordingly, the illumination scanner 110 may be con-
figured to spot scan the targeted region of the sample 102 with
illumination transferred along the illumination path, and fur-
ther configured to descan illumination scattered, reflected, or
radiated from the sample 102 along the collection path to the
detector 122. By scanning and descanning the illumination,
respectively, targeted to and collected from the sample 102,
the illumination scanner 110 may reduce decentering error
and improve uniformity of illumination received at the detec-
tor 122. Hence, the scanning/descanning optical arrangement
may improve measurement performance.

The use of apodization in pupil imaging scatterometers is
described in part by US Pub. No. 20080037134, incorporated
by reference herein. The apodizer 108 and, in various
embodiments, the apodized illumination field stop 112 and/or
the apodized collection field stop 120 may incorporate any of
the apodization technologies discussed or referenced by US
Pub. No. 20080037134. One of the key characteristics of an
apodizer is its transmission profile as a function of radial
dimension. Apodization functions are often trapezium or
Gaussian in form. In some embodiments of the system 100,
apodization profiles may further include, but are not limited
to, top hat, optimized top hat, Gaussian, hyperbolic tangent,
or Blackman forms. Rather than a polar form apodization
profile, the 2D apodization distribution can also be imple-
mented in Cartesian form by multiplying a 1D apodization
distribution for the X direction by the corresponding one for
the Y direction. As further discussed below, an apodization
profile may be selected according to a cost functional to
improve or optimize system performance.

FIGS. 9A through 9C illustrate examples of the scalar
distribution for a number of different apodization profiles and
the corresponding resultant profiles at the sample imaging
plane and the collection pupil plane. For example, FIG. 9A
shows scalar pupil plane profiles (transmission vs. pupil coor-
dinates) exemplary of top hat, optimized top hat, Gaussian,
and hyperbolic tangent profiles. FIG. 9B shows scalar inten-
sity at the sample imaging plane corresponding to the exem-
plary apodization profiles, and FIG. 9C shows the corre-
sponding resultant scalar profiles at the detector (i.e.
collection) pupil plane. As illustrated by the exemplary plots
in FIGS. 9A through 9C, there may be a significant reduction
of intensity in the periphery of the illumination spot at sample
coordinates, thus leading to reduced signal contamination at
the detector 122 from regions outside the targeted region of
the sample 102.

In some embodiments, the apodization profile may be
selected according to a cost functional. For example, the
apodization profile may be specified for substantially maxi-
mizing tail to peak ratio at a given location in the aperture on
the pupil detector 122 while substantially minimizing the
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overall signal and subsequent precision impact. Ina 1D case,
the pupil apodization profile may be selected according to the
following cost functional:

FOR) S @y ™ dlip (K™ 2]+
Mfrr @k lp(R)-p(O)P,
where p(k) is a pupil apodizer profile, x, defines a target range
of'the sample, k, defines a target range of the pupil plane, A,
defines relative weight for tail reduction in field plane and
pupil function uniformity, and NA defines pupil aperture (in
natural units). Further, in embodiments, the collection
apodization profile may be selected according to the follow-
ing cost functional:

Fp) i 3k Uz dxp(x)e™ 7]+
Mol ey @6 [Ip()—p(0)1],
where p(x) is a field stop apodizer profile, x, defines a target
range of the sample, k, defines a target range of the pupil
plane, A, defines relative weight for tail reduction in field
plane and collection field stop function uniformity, and L
defines collection field stop size.

In some embodiments, the illumination spectrum can be
varied as part of the metrology recipe setup. For example, the
illumination spectrum may be controlled utilizing a spectral
controller or spatial light modulator (SLM), such as a DLP
micro-mirror array manufactured by TEXAS INSTRU-
MENTS. For example, apodization profile may be deter-
mined and controlled utilizing target related parameters such
as size, pitch, or reflectivity as a function of wavelength
together with similar characteristics of target proximity
according to a cost functional similar to the apodization pro-
file selection cost functions described above. As shown in
FIG. 9D, a spectral controller 902 may be disposed illumina-
tion path. The spectral controller may be configured to affect
apodization by controlling a spectrum of illumination
directed along the illumination path. In some embodiments,
the spectral controller includes a micro-mirror array, a plu-
rality of active shutters, or a selected filter.

Despite advantages of strong apodization functions, there
may be an associated loss of signal and subsequent loss of
metrology precision. In some embodiments, the shape of the
pupil, hence the pupil function, may be modified to regain
metrology precision. FIGS. 10A and 10B illustrate various
pupil functions 200 that may be applied to the apodized pupil
108. In some embodiments, as illustrated in FIG. 10A, the
spots (pupil apertures) 202a-202d may be elongated in a
direction orthogonal to diffraction in order to increase the size
of'the diffraction spot. Further, the pupil functions 200 may be
configured for quadrupole illumination, including at least
four elongated apertures 202a-202d, to ensure that the elon-
gation is always in a direction orthogonal to the diffraction
and to allow for capturing orders from higher ratios of illu-
mination wavelength to grating pitch. Further embodiments
of the pupil functions 200 are illustrated in FIG. 10B. How-
ever, it is contemplated that various modifications may be
incorporated without departing from the scope of this disclo-
sure.

While some of the embodiments discussed above are
directed to apodization functions that are intensity modulated
only, it is emphasized here that the apodization functions may
be complex functions combining intensity modulation
together with phase apodization. For instance, the cost func-
tions p(x) and p(k) given above for field and pupil apodization
may be rewritten as p=Iple™, where Ip| reflects intensity
modulation of the apodizer and 1 phase modulations.

Apodization elements may be manufactured to several
technologies known to the art. Some examples include half-
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tone amplitude transmission masks, varying neutral density
masks, and phase modulated masks. Lithographic techniques
are known to work particularly well for half-tone amplitude
masks and for phase masks with discrete phase steps (e.g.
approximately 8 levels). In some embodiments, the apodiza-
tion elements may be made using standard e-beam writing
techniques in resist on photomask blanks to produce the high
precision apodization required for the optical metrology sys-
tem 100.

Although the embodiments discussed above and illustrated
by the figures show a single optical column (i.e. single-line
illumination path and single-line collection path), it will be
appreciated by those skilled in the art that multiple paths may
exist in an optical column. For example, multi-path optical
arrangements may be employed for different illumination and
collection polarization states, as described in US Pub. No.
2011000108892, incorporated by reference herein. In some
embodiments, two or more polarization paths may be simul-
taneously apodized by a common apodizer or there may be
separate apodizers for each polarization path.

The combination of a scanning beam with apodization may
provide significant advantages. Scanning a spatially coherent
beam allows the illumination spot size to be controlled for
each target without the loss of light that changing the field
stop size imposes. A system that supports spatially coherent
illumination enables the smallest possible spot on the target
and subsequently the smallest possible target sizes. Further-
more, apodizing the pupil function (as opposed to the field)
allows critical distribution to be kept stationary in the illumi-
nation pupil during the spot scan. It is further noted that a
scanning module may be utilized to induce intensity modu-
lations in the illumination beamed from a source. Accord-
ingly, the spot incident on a sample may have a wafer coor-
dinate dependent overall intensity. This may allow for an
effectively apodized illumination field stop for an incoherent
light source. An important advantage of this combination is
the improved flexibility in selection of the apodization func-
tion. Further, an illumination field apodizer is introduced that
does not inflict scattering side-effects due to its fabrication
process.

Additional advantages of the foregoing embodiments
include, but are not limited to: reduction or elimination of
signal contamination on the collection pupil from scattered
light from outside the targeted region; reduction or elimina-
tion of signal contamination on the collection pupil from
scattered light from apertures along the illumination or col-
lection optical paths; stable illumination pupil distribution
during spot scan; reduced interaction between the spot and
field stops and target edge during a spot scan; and controlled
scanning allowing tradeoff between periphery interaction or
target edge diffraction and better target noise averaging.

Those having skill in the art will appreciate that there are
various vehicles by which processes and/or systems and/or
other technologies described herein can be effected (e.g.,
hardware, software, and/or firmware), and that the preferred
vehicle will vary with the context in which the processes
and/or systems and/or other technologies are deployed. Pro-
gram instructions implementing methods such as those
described herein may be transmitted over or stored on carrier
media. A carrier medium may include a transmission medium
such as a wire, cable, or wireless transmission link. The
carrier medium may also include a storage medium such as a
read-only memory, a random access memory, a magnetic or
optical disk, or a magnetic tape.

All of the methods described herein may include storing
results of one or more steps of the method embodiments in a
storage medium. The results may include any of the results
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described herein and may be stored in any manner known in
the art. The storage medium may include any storage medium
described herein or any other suitable storage medium known
in the art. After the results have been stored, the results can be
accessed in the storage medium and used by any of the
method or system embodiments described herein, formatted
for display to a user, used by another software module,
method, or system, etc. Furthermore, the results may be
stored “permanently,” “semi-permanently,” temporarily, or
for some period of time. For example, the storage medium
may be random access memory (RAM), and the results may
not necessarily persist indefinitely in the storage medium.
Although particular embodiments of this invention have
been illustrated, it is apparent that various modifications and
embodiments of the invention may be made by those skilled
in the art without departing from the scope and spirit of the
foregoing disclosure. Accordingly, the scope of the invention
should be limited only by the claims appended hereto.

What is claimed is:

1. A system for performing optical metrology, comprising:

a stage configured to support a sample;

at least one illumination source configured to provide illu-

mination along an illumination path;

an apodizer disposed within a pupil plane of the illumina-

tion path, the apodizer configured to apodize illumina-
tion directed along the illumination path;

an illumination scanner disposed along the illumination

path, the illumination scanner configured to scan a sur-
face of the sample with at least a portion of the apodized
illumination;

an illumination field stop disposed along the illumination

path, the illumination field stop configured to block a
portion of illumination directed along the illumination
path from scanning the surface of the sample;

at least one detector configured to detect a portion of illu-

mination scattered, reflected, or radiated from the sur-
face of the sample along a collection path;
a collection field stop disposed along the collection path, the
collection field stop configured to block a portion of illumi-
nation directed along the collection path from being detected;
and
a computing system communicatively coupled to the at least
one detector, the computing system configured to determine
at least one spatial attribute of the sample based upon the
detected portion of illumination.

2. The system of claim 1, wherein the illumination scanner
is disposed within the pupil plane of the illumination path.

3. The system of claim 1, wherein the illumination scanner
is disposed along the illumination path between the apodizer
and the illumination field stop.

4. The system of claim 3, wherein the apodizer is disposed
between the at least one illumination source and the illumi-
nation scanner.

5. The system of claim 3, wherein the illumination field
stop is disposed between the at least one illumination source
and the illumination scanner.

6. The system of claim 1, wherein the illumination field
stop is disposed along the illumination path between the
apodizer and the illumination scanner.

7. The system of claim 1, wherein the apodizer is disposed
along the illumination path between the illumination scanner
and the illumination field stop.

8. The system of claim 1, wherein the illumination field
stop comprises an apodized field stop.
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9. The system of claim 1, wherein the illumination scanner
is further configured to direct illumination scattered,
reflected, or radiated from the surface of the sample along the
collection path to the at least one detector.

10. The system of claim 1, wherein the at least one illumi-
nation source comprises a coherent illumination source.

11. The system of claim 1, wherein an apodization profile
of the apodizer is selected in accordance with the following
equation:

FOUD A e @5 ™ dlep(Re ™1
Ml @Klp(E)-p(0)P,

where

F(p(k)) is a cost functional,

p(k) is a pupil apodizer profile,

X, defines a target range of the sample,

k, defines a target range of the pupil plane,

A, defines relative weight for tail reduction in field plane
and pupil function uniformity, and

NA defines pupil aperture.

12. The system of claim 1, wherein the collection field stop
comprises an apodized field stop configured to apodize illu-
mination directed along the collection path.

13. The system of claim 12, wherein an apodization profile
of'the apodized collection field stop is selected in accordance
with the following equation:

F(p()~reo @K/ Vg Pdxp(x)e ™ P+
Mafecny@x [1pX)-p(O)1],

where

F(p(x)) is a cost functional,

p(x) is a field stop apodizer profile,

X, defines a target range of the sample,

k, defines a target range of the pupil plane,

A, defines relative weight for tail reduction in field plane
and collection field stop function uniformity, and

L defines field stop size.

14. The system of claim 1, further comprising:

a spectral controller disposed along the illumination path,
the spectral controller configured to affect apodization
by controlling a spectrum of illumination directed along
the illumination path.

15. The system of claim 14, wherein the spectral controller
includes a micro-mirror array, a plurality of active shutters, or
a selected filter.

16. A system for performing optical metrology, compris-
ing:

a stage configured to support a sample;

at least one illumination source configured to provide illu-
mination along an illumination path to illuminate a sur-
face of the sample;

an apodized pupil disposed along the illumination path, the
apodized pupil including at least four elongated aper-
tures configured to provide a quadrupole illumination
function, the apodized pupil further configured to
apodize illumination directed along the illumination
path;

an illumination field stop disposed along the illumination
path, the illumination field stop configured to block a
portion of illumination directed along the illumination
path from impinging upon the surface of the sample;

at least one detector configured to detect a portion of illu-
mination scattered, reflected, or radiated from the sur-
face of the sample along a collection path; and

a computing system communicatively coupled to the at
least one detector, the computing system configured to
determine at least one spatial attribute of the sample
based upon the detected portion of illumination.

5

10

15

20

25

35

40

45

50

55

60

65

12

17. The system of claim 16, further comprising:

an illumination scanner disposed along the illumination
path, the illumination scanner configured to scan the
surface of the sample with at least a portion of the
apodized illumination.

18. The system of claim 17, wherein the illumination scan-
ner is further configured to direct illumination scattered,
reflected, or radiated from the surface of the sample along the
collection path to the at least one detector.

19. The system of claim 16, wherein the illumination field
stop comprises an apodized field stop.

20. The system of claim 16, wherein the at least one illu-
mination source comprises a coherent illumination source.

21. The system of claim 16, wherein an apodization profile
of the apodized pupil is selected in accordance with the fol-
lowing equation:

FOUD T oy 5™ dlp (K™ 171+
Mfiar @k lp()-p(O)P,

where

F(p(k)) is a cost functional,

p(k) is a pupil apodizer profile,

X, defines a target range of the sample,

k, defines a target range of the pupil plane,

A, defines relative weight for tail reduction in field plane
and pupil function uniformity, and

NA defines pupil aperture.

22. The system of claim 16, further comprising:

an apodized collection field stop disposed along the col-
lection path, the apodized collection field stop config-
ured apodize illumination directed along the collection
path, and further configured to block a portion of illu-
mination directed along the collection path from being
detected.

23. The system of claim 22, wherein an apodization profile

of'the apodized collection field stop is selected in accordance
with the following equation:

Fp()~rewreo@k /| Vg Pdip(x)e ™ P+
Mol ey @6 [Ip()—p(0)1],

where

F(p(x)) is a cost functional,

p(x) is a field stop apodizer profile,

X, defines a target range of the sample,

k, defines a target range of the pupil plane,

A, defines relative weight for tail reduction in field plane
and collection field stop function uniformity, and

L defines field stop size.

24. A system for performing optical metrology, compris-

ing:

a stage configured to support a sample;

at least one illumination source configured to provide illu-
mination along an illumination path to illuminate a sur-
face of the sample, the illumination path being a single-
channel illumination path;

an apodizer disposed within a pupil plane of the illumina-
tion path, the apodizer configured to apodize illumina-
tion directed along the illumination path;

an illumination field stop disposed along the illumination
path, the illumination field stop configured to block a
portion of illumination directed along the illumination
path from impinging upon the surface of the sample;

at least one detector configured to detect a portion of illu-
mination scattered, reflected, or radiated from the sur-
face of the sample along a collection path;

an apodized collection field stop disposed along the col-
lection path, the apodized collection field stop config-
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ured to apodize illumination directed along the collec-
tion path, and further configured to block a portion of
illumination directed along the collection path from
being detected; and

a computing system communicatively coupled to the at

least one detector, the computing system configured to
determine at least one spatial attribute of the sample
based upon the detected portion of illumination.

25. The system of claim 24, further comprising:

an illumination scanner disposed along the illumination

path, the illumination scanner configured to scan the
surface of the sample with at least a portion of the
apodized illumination.

26. The system of claim 25, wherein the illumination scan-
ner is further configured to direct illumination scattered,
reflected, or radiated from the surface of the sample along the
collection path to the at least one detector.

27. The system of claim 24, wherein the illumination field
stop comprises an apodized field stop.

28. The system of claim 24, wherein the at least one illu-
mination source comprises a coherent illumination source.

29. The system of claim 24, wherein an apodization profile
of the apodizer is selected in accordance with the following
equation:
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FOR) S @™ dlip (K™ 2]+
Mo @Kp(R)-p(O)F,

where

F(p(k)) is a cost functional,

p(k) is a pupil apodizer profile,

X, defines a target range of the sample,

k, defines a target range of the pupil plane,

A, defines relative weight for tail reduction in field plane

and pupil function uniformity, and

NA defines pupil aperture.

30. The system of claim 24, wherein an apodization profile
of'the apodized collection field stop is selected in accordance
with the following equation:

Fp) i 3k Uz dxp(x)e™ 7]+
Mol @6 [Ip()—p(0)1],

where

F(p(x)) is a cost functional,

p(x) is a field stop apodizer profile,

X, defines a target range of the sample,

k, defines a target range of the pupil plane,

A, defines relative weight for tail reduction in field plane

and collection field stop function uniformity, and

L defines field stop size.
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